& Context Parasites can induce strong effects on their host's growth, not only as a result of host resource exploitation (growth loss) but also with a potential adaptive value for host (tolerance response) and themselves (increased transmission). & Aims We assessed these three types of phenotypic changes in oak seedlings infected by powdery mildew. & Methods A manipulative field experiment with three levels of parasite inoculum was designed in order to tease apart infection from genetic effects on oak growth. Seedlings were monitored during 3 years for height growth, phenology and infection. & Results Powdery mildew infection induced both significant growth loss and qualitative changes in plant architecture. The most striking and unexpected change was increased growth polycyclism in infected seedlings. This benefitted both the host as a form of compensation for infection-caused height loss, and the pathogen, by increasing sporulation. & Conclusion The study highlights the effect of parasites in the expression of plant phenotypic traits, such as phenology and ultimately tree architecture. Both host tolerance and parasitic manipulation may be involved in the observed changes in growth patterns. These results suggest a complex interplay between development and defence in trees and emphasize the need to better assess tolerance mechanisms when considering the defence strategies of trees against pathogens.
Introduction
Trees have to cope with many pathogens during their lifetime. Pathogen impact may be especially important in natural regenerations where high density of seedlings favours disease transmission (Augspurger 1984; Packer and Clay 2000) . Pathogens derive their nutrition from their host trees and cause damage to invaded tissues and organs, thus finally reducing host fitness (Gilbert 2002) . However, changes induced by pathogens or parasites in their hosts also include phenotypic changes affecting a variety of traits, such as morphology, phenology and timing of reproduction (Michalakis 2007; Pagan et al. 2008) . When alterations in plant life-history traits mitigate negative effects of damage, either by phenotypic plasticity or genetic adaptation, these changes can be viewed as a host defence strategy (Pagan et al. 2008 ). The tolerance concept was defined by evolutionary biologists as referring to host traits that do not reduce or eliminate infection, but that reduce or compensate its fitness consequences (Roy and Kirchner 2000) . Tolerance has been suggested to play an important role in the evolution of plant-parasite interactions in natural populations (Roy and Kirchner 2000) . It has been well documented in plant-herbivore interactions (Fornoni 2011; Baucom and de Roode 2011) . However, it has received modest attention so far in plant pathology, including for trees, compared to the resistance component of the plant defence strategy, i.e. the ability to prevent infection (e.g. Dangl et al. 2013; Kovalchuk et al. 2013) .
Parasites may also benefit from infection-induced modifications of their hosts. The concept of host manipulation by parasites was first used in animal-parasite studies. Aberrant, even suicidal, behaviour of infected hosts strongly suggested that parasites have the potential to alter a broad range of phenotypic traits in their hosts to their own benefit, in particular by increasing their transmission (Poulin 2010 ). In the absence of "plant behaviour," this concept has been understandably much less used for plant-than for animal-parasite systems, although it was extended to deal with changes in plant developmental patterns (Shykoff and Kaltz 1998; Montarry et al. 2007) .
Here, we focus on oak powdery mildew which is an interesting biological model both for its environmental significance and for characteristics of the host-pathogen interaction. The disease, caused by a complex of fungal species, especially Erysiphe alphitoides (Griffon and Maubl.) U. Braun and S. Takam. and Erysiphe quercicola U. Braun and S. Takam., occurs all over Europe on deciduous oaks (especially Quercus robur L.) (Mougou et al. 2008; Mougou-Hamdane et al. 2010) . Severe foliar infection can lead to mortality in young seedlings and in mature trees when associated with other factors of decline (Marçais and Desprez-Loustau 2013) . Powdery mildew fungi are biotrophic parasites that derive nutrients from the living cells of their hosts, thanks to highly specialized structures called haustoria. These structures are an active interface not only for nutrient uptake but also for the export of fungal factors, such as effectors, allowing the parasite to take control of host metabolism to its own profit (Panstruga and Dodds 2009) . The highly specialized relationships between biotrophic parasites and their hosts scale up to life cycles. This is particularly critical for foliar parasites of deciduous trees in temperate regions which need to adapt to host seasonality. The phenological synchrony in spring between oak and powdery mildew was shown to be an important factor explaining the severity of the disease Desprez-Loustau et al. 2010 ). However, both fungus and tree exhibit a polycyclic development within a season. Primary infections can give rise to secondary infections and so forth, resulting in a potentially exponential increase of the fungal population. Reciprocally, Q. robur presents a rhythmic growth (also called polycyclism) expressed as several flushes of shoot growth within one growing season, especially in the young age (Barnola et al. 1990; Collet et al. 1997) . The interplay between oak growth patterns and susceptibility to the disease (Edwards and Ayres 1982) may therefore determine both host and parasite performances.
The objective of our study was to assess disease-induced phenotypic changes in oak seedlings including not only expected negative effects on fitness but also modifications with potential adaptive value for the tree and the pathogen. We addressed the specific following questions: (i) How much is height growth, considered as a good proxy of fitness (Sage et al. 2011) , affected by infection in oak seedlings? (ii) Are there infection-induced qualitative changes in oak growth, especially in the timing of flushes within and between years? (iii) Do alterations in tree growth patterns benefit the plant and/or the pathogen?
Materials and methods

Plant material
Ideally, assessing the effect of infection on a variety of traits would require the comparison of the same genotypes under different infection levels, in order to separate effects of infection on a specific trait from inherent differences between genotypes for that trait, which would favour or prevent infection (Pan and Clay 2003; Baucom and de Roode 2011) . In the absence of available vegetatively propagated oak clones, the genetic replicates assayed in the different infection environments were 15 half-sib families, each represented by numerous individuals. Acorns were collected in the autumn of 2008 under 15 isolated mature Q. robur trees (i.e. with nonoverlapping canopies with their neighbours) at Pierroton, Cestas (N 44°44′ 10.4″; W 0°46′ 29.5″). After emergence, all seedlings and putative maternal parent trees were genotyped using a set of nine microsatellite markers (Guichoux et al. 2011) . A few seedlings harbouring alleles not found in their expected mother tree were discarded from the analyses.
Experimental design
The design was set up at the INRA experimental domain in Pierroton, in a clearing surrounded by pine trees (Pinus pinaster Ait.) and broadleaved species (especially Q. robur). The experimental site was fenced to prevent grazing by mammalian herbivores. Little damage from abiotic and biotic (fungi, insects) factors other than powdery mildew was observed throughout the experiment (estimated at less than 5 % of leaf surface area). The herbaceous plants growing between plots were removed by mowing, twice a year. Little weed development occurred within plots.
The design included nine unit plots corresponding to three levels of parasite exposure randomly distributed within three spatial blocks. Plots were separated by a distance of 4 m. Acorns were sown on 21-27 April 2009 at a 10 cm×10 cm distance in each unit plot, in eight rows of 38 plants. Acorns from the different families were randomly distributed within and between plots, with 173 acorns per family on average (minimum = 118; maximum = 285). Each unit plot was surrounded by a guard row with acorns from a bulk provenance.
The three parasite levels were obtained as follows. The "low" parasite level was obtained by repeated fungicide applications. Myclobutanil was chosen for its efficacy against powdery mildew. It is one of the very few fungicides with an authorized usage for forest trees in France (http://e-phy. agriculture.gouv.fr/). Contrary to some other triazole fungicides showing plant-growth regulator effects, it was not shown to have non-target effects on growth and drought tolerance in a few studied tree species (Rosenberg et al. 2003; Percival and Noviss 2008) . In 2009, the first application was done on 22 June. Six applications were done during the whole season (weeks 25, 28, 30, 32, 35, 37) . The same number of applications was done in 2010, starting on 1 June (weeks 22, 27, 30, 31, 34, 39- the low frequency at the beginning of the season was due to a rainy period). In order to achieve better control, the frequency of applications in early spring was increased in 2011 (first on 27 May, weeks 21, 23, 25, 27, 30, 31, 33, 35, 39) . The "medium" parasite level corresponded to natural infection. The "high" level was obtained by providing extra-inoculum to the seedlings in the ad hoc plots. This was achieved by blowing spores from highly sporulating leaves above the seedlings, using a portable air compression device. Sporulating leaves were produced in the laboratory by inoculating young oak seedlings of a bulk provenance of Q. robur with inoculum originating from an initial population of local powdery mildew (naturally infected leaves collected in the summer of 2008 around the experimental site) which was maintained by successive re-inoculations until the spring of 2009 and thereafter. In order to obtain a homogeneous and targeted distribution of inoculum, a plastic tower was used as inoculation box and moved along the row. 
Monitoring of oak growth
A fine monitoring of seedlings was realised during the three growing seasons following sowing, i.e. in 2009, 2010 and 2011. Seedling emergence from acorns occurred mostly within a few weeks following sowing in April 2009, reaching 50 % for the whole design after 1 month. The emergence rate slightly increased thereafter, reaching 67 % at the end of the first growing season. We checked that no differences in the dynamics of seedling emergence occurred between plots that were subsequently subjected to different parasite exposure levels. Each oak family was eventually represented by 37± 17 (mean±standard deviation) seedlings in each parasite exposure treatment.
Timing of growth flushes was monitored in 2010 and 2011. Phenology of budburst was monitored by weekly assessment in April-May (4-5 dates each year, between weeks 15 and 20 in 2010, 15 and 18 in 2011). At each date, a phenological score was given to each seedling using a 5-grade scale: 0= dormant bud; 1=leaves emerging from the bud scales; 2= leaves and shoots starting to develop; 3=leaves with final size but still tender and light green; and 4=fully developed leaves, dark green (assessed on the leading shoot). The annual budburst precocity index was calculated for each seedling as the mean phenological score over the different dates in a year. The occurrence of a second growth flush from the apical bud on the leading axis was noted on 15 June in 2010 and on 24 May in 2011. The occurrence of a third flush was noted on 20 June in 2011.
The total number of flushes (which can be determined a posteriori from morphological features) was assessed at the end of the growing season in all 3 years, as well as annual shoot elongation of the dominant terminal axis and plant height ( Figure S1 ).
Changes in apical dominance were frequently observed during the 3-year monitoring of the seedlings. In the spring of 2010, budburst failure of apical buds, often associated with terminal shoot necrosis, was frequently observed and resulted in the development of a new leader shoot from a lower bud in affected seedlings. Apical bud mortality was recorded for each seedling as a binary variable (yes/no). Other changes in dominance were not recorded systematically, but an index of height growth efficiency (HGE) was defined to capture some part of this phenomenon. HGE was calculated as the ratio of height increment to terminal shoot elongation in the same year, as follows ( Figure S1 ):
with HGEn=height growth efficiency in year n; Hn=final height in year n; Hn−1=final height in year n−1; and Ln= total leader shoot elongation in year n. If a strict apical dominance is maintained, then annual height increment will be equal to leading shoot elongation and HGE will be equal to 1. In contrast, changes in leading axes, caused by apical mortality or other changes of apical dominance, will lead to HGE values lower than 1.
Infection assessments
Infection was assessed by trained observers as a percentage of leaf area covered by mycelium for the whole seedling. The percentage of leaf area covered by mycelium is primarily a host-related measurement of infection. In order to obtain a parasite-related measurement of infection success, we calculated a correlate of spore production (SPOR) per seedling. Assuming a constant production of spores per unit of leaf area infected, the number of spores produced per seedling can be calculated as the product of the percentage of leaf infection by the total leaf area. Since total leaf area could not be measured for each seedling, we used seedling basal area (SBA), the cross-sectional area of the stem, as a correlate. The allometric relationship between stem basal area and whole-tree leaf area has long been recognized (McDowell et al. 2002) . SPOR was then calculated as follows:
assuming that SBA=k×LA with %LAInf=mean percentage of leaf area infected over 3 years (final assessments); SBA=seedling basal area, calculated from diameter measured at 2 cm above collar level in March 2011; LA=seedling leaf area; and k=(non-estimated) proportionality coefficient.
Statistical analyses
All statistical analyses were performed with SAS 9.2 software (SAS Institute Inc. 2011).
The response (dependent) variables of the models were first foliar infection (to check that exposure to different parasite levels indeed resulted in contrasting levels of infection) and then phenotypic variables related to oak growth and potentially affected by parasite exposure/infection: precocity index, shoot elongation, height, etc. The independent (explanatory) factors were block (3 levels), family (15 levels), parasite and its interaction with family. The parasite effect was first tested by including "exposure" as a categorical variable in the model, with three levels corresponding to the three treatments in the experimental design. Secondly, since infection was likely to vary within the same exposure level, the same models were ran with adding infection as a quantitative covariate (1 degree of freedom) and its interaction with family. The family-byparasite (exposure and infection) interaction effect was included to test the generality of parasite effects across families. All factors were treated as fixed effects. Quantitative variables were analysed with a general linear model with the sum of squares for a given effect calculated with all other variables included in the model (type III sum of squares). The distribution of residuals was analysed (by plots, summary statistics and tests with the univariate procedure of SAS) in order to check that it did not depart too far from the assumptions of normality and homogeneity of variances required for the validity of F tests. Due to the unbalanced design, least square means (predicted population margins) were computed for comparisons between levels of parasite exposure, with pairwise differences tested with a t test. All means referred to thereafter correspond to the marginal means. For the analysis of variables expressed as binary data, such as occurrence of a second flush or apical bud mortality, a logistic regression model was used and the effects of independent variables (block, family, parasite and interactions, as before) were tested with a Wald chi-square test. The odds ratios and their corresponding 95 % Wald confidence intervals were computed to compare the effects of different parasite levels. When the family-by-parasite effect was not significant, a single value of odds ratio for each comparison between parasite levels was computed across families by omitting the interaction in the model. The Akaike information criterium (AIC) was used for the comparison of models with or without infection included as a quantitative variable.
Results
Infection levels
The low-medium-high parasite exposures indeed resulted in different levels of powdery mildew infection (Table 1) . Infection levels on the first flush were quite low on average, with less than 10 % leaf area infected, except in 2011 for the high level. An increasing trend of infection with parasite exposure was observed, from approximately 2 % of leaf area infected over the 3 years in the low level, to 5 % in the medium level and 11 % in the high level (Table 1) . The parasite exposure effect was significant in 2010 and 2011 (F 2,1611 = 13.69 and F 2,1605 =614.00; P<0.0001), discriminating the three levels from each other (the effect was not significant in 2009 as expected since fungicide applications and inoculations had not yet started at the time of the first flush). Final (maximal) infection remained low in the low treatment (12 %) and was quite high in the medium and high treatments (31 and 40 % on average over the 3 years, respectively) ( Table 1) . Differences were highly significant for final infection in all 3 years, discriminating the three levels of parasite exposure (F 2, 1614 =53.59; F 2,1600 =258.65; and F 2, 1599 =1471.89 respectively in 2009, 2010 and 2011-P<0.0001) . A significant family effect was observed for all assessments but no significant interaction of family-by-parasite level was observed in 2009 and 2010. The significant interactions in 2011 for both early and late infection were linked to differences in the intensity (slope) of the increasing trend of infection from low to medium and high, but the ranking of families was highly conserved (not shown).
Effects of parasite exposure/infection on shoot elongation and height
Parasite level had a significant effect on growth as soon as the first year ( Finally, height loss after 3 years was 26 % for the medium parasite exposure compared to the low level (31.2 vs. 42.5 cm) (Fig. 1) . Height was only very slightly more affected in the high parasite level (−28 %, 30.5 cm). The parasite level effect was highly significant (F 2,1599 =116.56; P<0.0001) and discriminated the low from the medium and high levels but medium and high were not statistically different. The family effect was highly significant (F 2,1599 =13.90; P<0.0001) but the same effect of decreasing height with increasing parasite exposure/infection was observed for all families (Fig. 2) A high frequency of budburst failure on the terminal shoot was observed in the spring of 2010. Apical bud mortality during winter affected almost one third of all seedlings in the low (33 %) and medium (32 %) parasite levels; the frequency was even higher (43 %) in the high level. The logistic regression showed a significant effect of block, family and parasite level, with no significant parasite-by-family interaction on the occurrence of apical bud mortality. Only the high parasite level was differentiated from the two others with odds ratio estimates of 1.60 (confidence interval=1.24-2.07) and 1.61 (1.24-2.10) for high against low and high against medium, respectively, corresponding to a relative increase of 60 % in the odds of apical mortality between the high and the low and medium parasite exposure levels. The model was slightly improved (AIC reduced from 2,044 to 1,884) by adding an infection effect (final infection in the preceding year, i.e. 2009). The infection effect had an odds ratio of 1.04 (confidence interval=1.033-1.047), indicating a 4 % increase in the odds of apical mortality for each 1 % increase in the percentage of infection, in addition to the effects included in parasite exposure level (odds ratio for high against low and high against medium maintained at values greater than 1, 1.03 and 1.53, respectively).
Timing and number of growth flushes
In 2010, no difference in the timing of the second flush could be detected between treatments. On 15 June, a very high proportion of nearly 90 % seedlings had started their second flush in the low, medium and high parasite treatments. In contrast, a second flush occurred much earlier in the high parasite level in 2011 than in the low and medium levels. On 24 May, a second flush was visible in 80 % of seedlings in the high level as opposed to only 45 and 31 % of seedlings in the medium and low levels, respectively. The logistic model for the occurrence of the second flush on 24 May 2011 showed a significant effect of parasite level, in addition to family and block effects, with no significant parasite-by-family interaction ( Table 2 ). The parasite level effect was maintained, and odds ratio estimates were little affected when the budburst precocity index was added as an additional explaining variable. Very high odds ratio estimates were obtained when comparing parasite levels. A nearly twofold increase in the odds of having the second flush was observed for seedlings exposed to the medium parasite level compared to those in the low level. Odds increased to fivefold for the high vs. medium parasite level comparison (Table 2) . Adding infection on the first flush as an explaining variable, in addition to parasite exposure, did not affect the results. Similarly, at the June assessment in 2011, 13 % of seedlings in the high parasite level had a third flush compared to almost none (0.6 and 0.2 %) in the medium and low levels, respectively. Finally, at the end of the season, an increasing number of flushes were observed from the low to the medium and high parasite levels, with adjusted means of 2.85, 3.04 and 3.17 in 2010 and 2.07, 2.34 and 2.64 in 2011, for the low, medium and high parasite levels, respectively. Both logistic models for the probability of a third flush assessed in October 2010 or in October 2011 showed a significant effect of parasite level, in addition to the block and family effects, with no significant parasite-byfamily interaction (Table 3 ). The parasite level effect remained highly significant, and the odds ratio estimates were little affected when lengths of the first and second flushes and precocity of budburst were added as additional explaining variables to the simplest model (not shown). Odds ratio estimates were very high for the parasite exposure effect, especially in 2011, with an estimate of 13.2 for the high vs. low level (Table 3) . Adding infection as an explaining variable only marginally improved the model and slightly affected the results (not shown).
After 3 years, seedlings in the low parasite exposure had produced 7.2 shoot flushes on average, 7.5 in the medium exposure and 8.0 in the high parasite level (Fig. 3) . The parasite level effect was highly significant (F 2,1556 =63.68; P < 0.0001) and so was the family effect (F 14, 1556 =8.5; P<0.0001). No significant family-by-parasite interaction was observed (F 28, 1556 =1.29; P=0.0797) (Fig. 3) . When mean infection (final assessment) over the 3 years was added as a covariate, the effect was highly significant (F 1,1541 = 30.72; P<0.0001) in addition to all previous significant effects, but the infection-by-family interaction was not (F 14,1541 =0.93; P=0.5254).
Relationship between oak growth polycyclism and host and parasite performances
Within each parasite level, a general positive relationship was observed between the number of growth flushes and height at the end of the three growing seasons (Fig. 4) . Comparisons across parasite levels could only be made at seven and eight flushes, where all families were represented (11±6 seedlings per family, parasite level and number of flushes). In order to assess the potential benefit of one additional flush in infected plants, we compared differences in heights, adjusted to family and block, between the low and high parasite levels either at seven flushes for both levels (giving 41.4 and 26.6 cm, respectively) or at seven flushes for low and eight flushes for high (41.4 and 31.4 cm, respectively) (Fig. 4) . We considered that the former difference gave an estimate of theoretical height loss caused by infection without growth compensation provided by one additional flush, while the latter was close to actual loss taking into account compensatory growth. The additional flush was then estimated to provide a 34.2 % compensation of theoretical height loss over the 3 years.
However, additional flushing was not beneficial in all years. The frequency of apical bud mortality observed in the early spring of 2010 increased significantly with the number of growth flushes during the 2009 growing season ( Fig. 5; significant Wald test for the number of flushes introduced as a covariate in the logistic regression of apical bud mortality with block, family, and parasite factors-not shown). The mortality rate almost doubled, from approximately 0.3 to 0.6, between seedlings with two or three flushes (representing together 92 % of all plants), whatever the parasite exposure (Fig. 5 no significant interaction between parasite exposure and number of flushes).
On the other hand, polycyclism was also positively related to powdery mildew performance, estimated by spore production (SPOR), in all three parasite levels ( Fig. 6 ; significant effect for the number of flushes introduced as a covariate in the linear model of SPOR with block, family and parasite factors; no significant interaction with parasite exposurenot shown). One additional flush was associated with a significant increase in SPOR, e.g. +39, +20 and +15 % between seven and eight flushes, for the low, medium and high parasite levels, respectively.
Discussion
Demonstration of infection effects on seedling phenotypes
Important differences in growth, both quantitative and qualitative, were observed in oak seedlings exposed to different 3) 2.9 (2.2-3.7) High vs. low 2.8 (2.0-3.9) 13.2 (9.7-17.8) a Only the minimum, median and maximum values of the 105 odds ratio estimates are given powdery mildew pressures. These are very likely a result of infection, and not simple correlates, since the same genetic entities were compared under the three parasite exposures, in order to decouple infection effects from genetic effects. The only way to achieve a low parasite level in the field was to protect seedlings by using fungicides. Non-target effects of myclobutanil, e.g. on ectomycorrhizal fungi, cannot be discarded (Desprez-Loustau et al. 1992) . However, the fact that most studied variables were affected not only between the low (i.e. fungicide treated) and medium parasite levels but also between medium and high strongly suggests that changes in the host can be explained by increased parasite burden. Significant differences between families were observed for most studied variables, reflecting differences in resistance/ susceptibility to infection and in initial vigour. However, interactions between the family effect and the parasite effect were in most cases not significant. Most observed changes may therefore be considered as a general response to infection in different genetic backgrounds of Q. robur.
Negative effects of infection on seedling height growth
The most expected change related to infection was growth reduction, affecting current shoot elongation and ultimately plant height. Since its first recorded outbreaks in Europe in the early twentieth century, powdery mildew has been considered as a major factor potentially limiting the success of oak regenerations, by strongly affecting seedling growth and ultimately survival (Jarvis 1964; Marçais and Desprez-Loustau 2013) . However, quantitative estimates of these effects are rare (Pap et al. 2012) . Our results showed a sharp decrease in height (−26 %) from low to medium parasite level, almost proportional to the percentage of leaf area infected (12 and 31 %, respectively). Increasing infection from the medium to high exposure (resulting in 40 % final leaf area infected) had no further visible effect. Very low mortality (less than 1 %-data not shown) was observed within the time frame of the study, which could not be related to powdery mildew infection. This may be explained by much more favourable conditions in our experimental site than in a natural regeneration, probably due to the low herbaceous (and between seedling) competition and protection against grazing. 
Infection-related changes in growth patterns
A striking result of our study is the alteration in growth flush patterns in the different parasite environments. High (and to a lesser degree, medium) parasite exposure was associated with an accelerated shoot flushing both between and within years. This was expressed as slightly earlier budburst, followed by earlier second flushing (not only as a consequence of earlier budburst but with an amplified effect of parasite exposure), and ultimately higher number of shoot flushes at the end of the season, compared to the low parasite exposure. Polycyclism in trees has usually been associated with high resource availability and plant vigour (Collet et al. 1997; Collin et al. 1996) . The production of the second flush was shown to be a strong carbon sink, supported by recently assimilated photosynthates from first-flush source leaf tissues (Harmer 1992; Lockhart et al. 2003) . It was therefore unexpected to observe more polycyclism in seedlings experiencing a biotic stress characterized by the consumption of host photosynthates by the parasite (Hewitt and Ayres 1976; Hajji et al. 2009) . A positive effect of parasite infection on tree growth polycyclism has not been previously described for oak powdery mildew, or for any other disease, to our knowledge. Mizumachi et al. (2006) reported an increased probability of subsequent flushes as a result of insect leaf damage on the parent shoot growth unit, which may be similar to what we observed. However, polycyclism differs from the regeneratory or compensatory growth reported in most studies dealing with herbivores. Contrary to powdery mildew infection, which does not induce leaf loss (at least in the first flush-cf. Marçais and Desprez-Loustau 2013), herbivory damage is often mostly characterized by tissue loss. In most cases, new growth in response to leaf tissue loss is based on increased lateral branching caused by a release of apical dominance and the activation of dormant meristems (Gruntman and Novoplansky 2011) . Nevertheless, increased branching following herbivory damage was suggested to be an adaptive plastic response of the plant to internal and environmental signals, and not simply a passive outcome of damage (Gruntman and Novoplansky 2011) . Direct effects of infection through internal signals linked to the host-pathogen interaction are also strongly suggested in our experimental conditions. An alternative hypothesis for lower polycyclism in the low parasite level could involve increased resource competition between seedlings, especially in 2011. However, crowns were not yet overlapping. Moreover, shoot elongation in 2011 was higher in the low compared to the high parasite level for both the first and second flushes (3.4 vs. 2.1 cm and 7.9 vs. 6.0 cm, respectively). Competitionmediated stress in the low parasite level is thus unlikely, and the direct effect of infection on growth patterns (polycyclism) remains the most probable explanation of observed changes.
4.4 Host tolerance response or manipulation of host physiology by the parasite?
Phenotypic changes in infected hosts have often been categorized in three distinct phenomena, according to their origin and consequences: secondary outcomes of infection with no adaptive value, host adaptations that reduce the detrimental consequences of infection and parasitic adaptations that facilitate transmission (Shykoff and Kaltz 1998). Decreased oak growth is likely a direct consequence of nutrient uptake by the parasite. Conversely, other changes observed in growth patterns, especially increased polycyclism, are not expected to be a passive outcome of infection since a reverse pattern would be predicted. Polycyclism has often been observed as a plastic response to high resource availability (Collet et al. 1997) . Acquisition of host resources by the parasite should theoretically decrease the carbon source of currently growing shoots and thus the probability of an additional flush. Increased polycyclism might then be viewed as an infection-induced active response, either as part of a tolerance response from infected seedlings or as a manipulation by the parasite. The origin (molecular, biochemical and physiological mechanisms) of the changes observed in infected plants was out of the scope of our experiment. However, it is known that the intra-cellular haustorium of powdery mildew is an active interface allowing actively regulated exchanges of molecules between host and parasite in both directions (Panstruga and Dodds 2009) . With regard to the adaptive value of the changes, either for plant or pathogen, our results suggest that the benefit of polycyclism could be shared between the two partners, since both plant and pathogen fitness-related variables increased with an increasing number of annual growth flushes. From the plant's perspective, polycyclism was positively related with height, as previously observed (Collet et al. 1997) . It might therefore enhance seedling competitive ability, especially through improved light interception and overtopping of neighbours (Sage et al. 2011) . Increased polycyclism in the high parasite exposure provided a partial compensation to parasite damage by limiting height loss and can then be viewed as a tolerance mechanism of trees to infection. Interestingly, all 15 families showed very similar responses of height and number of flushes to the different levels of parasite exposure/infection (as expressed by non-significant parasite-by-family interactions). The norm of reaction of plant fitness over a range of infection levels is often used to estimate plant tolerance (Baucom and de Roode 2011) . Our results therefore suggest low variation across families (thus likely low genetic variation) for tolerance, although families were different in resistance sensu stricto (expressed as a significant effect of family on infection). These findings are consistent with the theoretical prediction that resistance traits tend to be polymorphic while tolerance traits tend to be fixed within populations (Roy and Kirchner 2000) . However, increasing the number of flushes in a season is costly and may not be beneficial for the plant on a longer term. Analyses of apical bud mortality in early 2010 strongly suggested that increased polycyclism exposed seedlings to greater winter damage. The low overwintering viability of second flushes, especially in interaction with powdery mildew infection, had already been reported (Harmer 1992) . This was explained by lower cold hardiness (Anekonda et al. 1998; Marçais and Desprez-Loustau 2013) . The net benefit of additional flushes for the tree will then depend on environmental factors, especially winter temperatures. Furthermore, recurrent flushing provides a longer availability of receptive tissues for the parasite as the season progresses, at a time when powdery mildew inoculum has built up from initial infections on the first flush.
Unlike new flushing in response to herbivory, which may be a mean to produce functional leaves that will escape the enemy, here the second and subsequent flushes are exposed to increasing propagule pressure due to the polycyclic life cycle of the pathogen. Shoots of the second and subsequent flushes have been repeatedly reported as more severely infected than the first flush shoots (Harmer 1992; Marçais and Desprez-Loustau 2013) . We indeed observed a positive relationship between number of shoot flushes and spore production per seedling. Increased polycyclism thus provided an amplification of the fungus population, probably leading to a higher probability of survival in the following year, and thus improved parasite fitness. Finally, our study highlights that the effect of parasites in the expression of plant phenotypic traits, such as phenology and ultimately plant architecture, may well have been underestimated. Plastic traits such as phenology are commonly viewed as the expression of the interaction of plant genes with abiotic environment (Collet et al. 1997; Chuine and Cour 1999) . Here, we show that deep alterations in oak phenotypes can occur in response to parasite exposure. These changes were likely, in part, the expression of a plant response providing a compensation for parasite-induced damage, hence tolerance to infection. This defence strategy has often been neglected in breeding programmes but tolerance traits might be an interesting component of durable disease control. However, our results show that the parasite exploited the host response by increasing its own performance (Lefevre et al. 2008) . Finally, our findings are consistent with the increased recognition of the complex interplay between defence responses and plant development (Alcázar et al. 2011) .
